Alkali Silica Reaction (ASR), a type of alkali aggregate Reaction (AAR), is observed in some concrete structures in eastern Canada and the eastern United States. The Canadian Nuclear Safety Commission (CNSC) is currently conducting research to develop regulatory guidelines for the assessment of existing concrete structures with AAR as well as the means to avoid this pathology in new builds. This paper describes the work conducted by the CNSC related to the prediction of the behaviour of an ASR wall subjected to constant axial and lateral cyclic loads.
INTRODUCTION
The research program on assessment of structures subjected to concrete pathologies (ASCET) was organized by the OECD/NEA. The objective of this research program is to make general recommendations for aging management of concrete nuclear facilities taking into account the effect of concrete pathologies on structural degradation. The ASCET Phase II is based on the recommendation of the workshop held at NIST, Gaithersburg, Maryland, USA from June 29 th to July 1 st 2015 , and the Phase I Report [1] . The Phase II of the ASCET is defined as a blind simulation benchmark to predict the behaviour of structural elements with Alkali Aggregate Reaction (AAR) which has concrete swelling, as a consequence.
There is a need for reliable numerical tools to predict the structural behaviour, as a function of time, of structures with concrete pathologies/degradation mechanisms. Concrete swelling (volume change) is a consequence of several concrete degradation mechanisms of concrete structures (alkali aggregate reaction, delayed ettringite formation, irradiated concrete...) and it is important to asses and to quantify the ultimate and serviceability limit states of structures built with such a concrete.
Five walls in total were tested at the University of Toronto under a Canadian Nuclear Safety Commission (CNSC) research program: two sets of two walls (one sound and one with AAR in each set) and one wall with AAR alone. All walls have the same geometry, the same reinforcement and they are loaded with the same cyclic horizontal force, inducing primarily shear loading, up to failure. The only deference between the walls in each of the two sets is that one wall was built with reactive aggregate and the other one with normal, sound, aggregate.
In order to calibrate the models the participants received the results of the first set of two walls previously tested at the University of Toronto, after 8 months of accelerated ageing.
The second set of walls, on which the ASCET Phase II blind simulation was performed, was tested after 30 months of accelerated ageing. The simulations provided the information related to the behaviour and the failure modes of structures with Alkali Aggregate Reaction as well as the difference between the behaviour and failure modes of these structures and the structures built with the sound concrete.
Ten teams have participated in the ASCET Phase II numerical simulation of shear wall tests: the CNSC and the University of Toronto (Canada), IRSN and EDF (France), NRA, Kansai and Nagoya Universities (Japan), Scanscot (Sweden), University of Colorado at Boulder and the US NRC (USA). However, the current paper is focused on the work conducted by CNSC
FINITE ELEMENT (FE) MODELING
Following ASCET Phase II objectives, CNSC conducted FEA of two walls subjected to constant axial load and lateral cyclic load. The walls selected, the testing procedure and the test results are described in [2, 5] . Fig.  1 shows the test setup and the geometry of the tested walls.
FEA was conducted in two stages as follows: • During the first stage existing tests [2] The objective of this work was to use commercial the FE codes ANSYS and LS-DYNA for modeling of concrete walls with and without ASR. Adequate modeling of concrete with ASR involves complex chemo-mechanical constitutive models [3, 5] that are outside the sets of available materials in commercial FE packages.
The current work tries to analyze the effect of ASR in a simple phenomenological model by substituting concrete expansion due to ASR with identical thermal expansion. Consequently, concrete strains due to ASR expansion were modeled as thermal strains due to a temperature increase of 1 O C and a thermal expansion coefficient α T equal to the longitudinal concrete expansion ε 0 due to ASR.
The implicit code ANSYS has only one concrete material model with cracking possibility that can be used in conjunction with special 3-D (solid) FE SOLID65. However, the simulations conducted show that implicit modeling using ANSYS cannot reach the state of wall failure in shear due to non-convergence. Therefore, the explicit FE code LS-DYNA was selected for all simulations described in the report.
The LS-DYNA version 8.0 used has several material models suitable for modeling cracked and crushed concrete. To adequately capture crack initiation and propagation until complete failure, the density of the FE mesh should be much higher than in the analysis of noncracked concrete. This was shown in the sub-section 2.3 below. Therefore, only 2-D analysis of shear walls using shell FE was conducted.
Among all concrete models in LS-DYNA, only one material model (*MAT_172/*MAT_CONCRETE _EC2) could be used for 2-D analysis of shear walls using shell FE. Material data and equations governing the behavior of this model are taken from Eurocode 2 Part 1.2 (General rules -Structural fire design). The material model can represent plain concrete only, reinforcing steel only, or a smeared combination of concrete and reinforcement. The model includes concrete cracking in tension and crushing in compression, and reinforcement yield, hardening and failure. Properties could be thermally sensitive.
Although the material model offers many options and, generally, requires input of more than 40 parameters, a reasonable response may be obtained by entering only concrete density and strength in tension and compression for plain concrete. If reinforcement is present, Young's modulus, ultimate stress and reinforcement ratios in FE plane must be defined. The model cannot account for transverse reinforcement (perpendicular to shear wall plane).
As was stated earlier, the ASR expansion was modeled in this model as thermal expansion of concrete for a temperature increase of 1 O C using values provided in [2] . No thermal expansion was assumed for the reinforcement to account for its "confining" action. For non-ASR (regular) walls no thermal expansion was assumed for either the concrete nor the reinforcement, thus resulting in actual values of coefficient of thermal expansion used in FE model for ASR concrete equal to the difference between ASR and non-ASR coefficients.
Finite Element Mesh, Loading and Boundary Conditions
2-D Belytschko-Tsay 4-noded shell FE was used for wall modeling. The mesh density was selected based on several runs described below in the next sub-section. As evidenced from these runs, high mesh density is required to adequately capture crack initiation and propagation and subsequent wall failure.
The loading was applied in two stages as follows: 1. Thermal expansion due to temperature increase 1 O C was applied at the 1 st stage 2. Constant vertical (axial) loading and lateral cyclic loadings were applied at the 2 nd stage. The vertical loading was applied using an appropriate distributed load on the upper edge of the wall. The lateral cyclic loading was obtained through contact interaction between two rigid plates representing actuators and the tested structure, see Fig. 2 . No rotation restrains were applied at these places. The lateral cyclic loading was selected as described in [2] :
• For the first two cycles applied lateral displacement of 0.2 mm was applied in the plane of the wall in each direction • Subsequent cycles were at maximum displacements of 0.4, 0.6, 0.8, 1, 1.4, 1.8, 2, 2.5, 3, 4, 4.5, 5.5, 6, and 7 mm. For each displacement two complete cycles were applied • Additional cycles with displacements 8, 9, 10, 11 and 12 mm were applied to ensure wall failure and analyze the post-failure behavior. For each displacement two complete cycles were applied
Fig. 2. Outline of FE model showing applied loading
LS-DYNA code used is an explicit code that treats quasi-static behavior as slow dynamic. The maximum allowable value of time step in an explicit code is very small due to convergence restrictions. However, the total simulation time often is smaller than in implicit analysis since each time step requires significantly less computer time. To reduce simulation time, the cycle period was selected as 0.4 s for all loading amplitudes. This resulted in a total simulation time of 16 s. A further decrease of the cycle period could result in artificial oscillations caused by inertia forces. Since the behavior of the walls during the tests was essentially quasi-static, the cycle frequency was not an important factor.
The imposed Boundary Conditions (BC) were as follows:
• Out of plane (z-) displacements were fixed for all nodes. Additional BC for the bottom beam:
• Bottom was fixed in all directions, except the xdirection, during both stages • Both sides of the bottom beam were free during the 1 st stage to allow for an unconstrained thermal expansion and fixed in x-direction at the beginning of the 2 nd stage to reflect the test set-up • y-displacement of node connected to anchor bolt (see Fig. 1 ) was unconstrained during the 1 st stage and fixed during the 2 nd stage; x-and z-displacements of this node were fixed during both states Additionally, a small Rayleigh damping was applied to suppress unwanted residual oscillations: a stiffness proportional damping of 5% and a mass proportional damping of 4%. These values were selected based on numerous test runs.
Verification of FE model
Verification of the proposed FE model was conducted as follows:
• 2-D shell and 3-D solid models were compared to assess the suitability of using 2-D model • Models with different mesh densities were examined to select the adequate mesh density Table 1 summarizes the FE predictions for the applied displacement in the x-direction equal to 56.48 mm (t=0.6 s). This value is large enough to ensure geometrical nonlinearity of the model. Since LS-DYNA is an explicit code, the required time step value is very small: ~7 µs for mesh size 32 mm and 3.5 µs for mesh size 16 mm for the elastic material selected. These values could be even smaller for the non-linear concrete analysis. The results show clearly that for the applied shear loading:
• A mesh size of 32mm is adequate for the selected elastic material model, and • Despite some difference between the FE predictions for the 2-D and the 3-D models with an identical mesh density, the 2-D model seems to be adequate Secondly, different 2-D models with the selected concrete model *MAT_CONCRETE_EC2 and loading and boundary conditions as described in section 2.1 and 2.2 were compared. The properties for ASR concrete after 8 months of curing were selected as follows [2] : As was stated previously, using the explicit code LS-DYNA resulted in very small time step values due to stability constrains. Therefore, all output results in the current report were interpolated using time window ∆t=1ms to filter unwanted high-frequency oscillations. Table 2 summarizes the FE predictions for the maximum value of the applied lateral force leading to wall failure (maximum shear capacity). This value is the only one test result [2] easily available for comparison for both non-ASR and ASR walls. For regular (non-ASR) concrete the properties were selected as follows [2] : Compressive Strength f c = 79 MPa, Tensile Strength f t = 4.76 MPa, Longitudinal expansion ε 0 =0%.
The results in Table 2 show clearly that a mesh size of 32 mm is adequate to capture the maximum value of the applied horizontal force leading to wall failure. However, a smaller mesh size of 16 mm is needed to reflect the experimentally established fact that ASR wall fails at a higher load despite a lower concrete strength. A two-fold decrease in the mesh size leads to an approximately 8-15 times increase in computational time due to the larger number of FEs and the smaller time step required. Therefore, using mesh sizes below 16 mm is impractical. 
Detailed FE analysis of ASR and non-ASR walls after 8 months of curing
Based on results in the previous sub-section, a FE model (b) with a uniform mesh density and mesh size of ~16mm was selected for detailed analysis. The FE predictions were compared with the test results [2] . The following two cases were selected for FE analysis:
• ASR concrete with α T = 0.1518% and strength f c = 63.7 MPa, f t = 3.24 MPa, and • Non-ASR concrete with α T = 0 and strength f c = 79.0 MPa, f t = 4.76 MPa
Figs. 5 and 6 show Load versus Displacement curves for cyclic lateral loading obtained from the FEA and the tests for non-ASR and ASR walls. As mentioned earlier, all output results were interpolated using time window ∆t=1ms to filter unwanted high-frequency oscillations The results also show the following:
• 2-D FEA conducted predicts stiffer wall response in accordance with 2-D versus 3-D analysis conducted earlier in this section. However, the maximum shear capacity is similar for the selected FE model and tests • Similar to tests results, FEA predicts a higher shear capacity for the ASR wall despite a lower concrete strength • Similar to the tests results, the FEA predicts a sudden failure for the ASR wall compared with a softening response after reaching maximum shear capacity for the non-ASR wall Table 3 summarizes the maximum shear capacity values for both the FEA and the tests. 
FE PREDICTIONS OF SHEAR BEHAVIOR AFTER 30 MONTHS OF ACCELERATED AGING ("BLIND ANALYSIS")
The approach adopted in this report substitutes the ASR phenomena by an "equivalent" thermal expansion. Therefore, the values of ASR concrete properties and expansion cannot be predicted otherwise than by a simple extrapolation. Fig.10 shows progression of the concrete expansion with time from [2] and [4] respectively. A simple non-linear asymptotic extrapolation was conducted using data from [4] ) leading to an asymptotic value (at T=∞) of concrete expansion ε 0 =0.0317% for the regular concrete and 0.2308% for the ASR concrete. The predicted values at 900 days are essentially the same as the asymptotic values, see Fig. 11 .
Since the strength properties for both non-ASR and ASR specimens were provided at 8 months only, no extrapolation could be done. Therefore, these properties were assumed to be the same as properties after 8 months curing. Additionally, the same loading, described earlier, was selected for FEA. Fig. 12 shows a predicted wall behavior for concrete expansion value ε 0 =0.2308% -0.0317% =0.1991% corresponding to 900 days of accelerated aging. Finally, Fig. 13 shows predicted crack propagation for ASR wall after 900 days of accelerated aging. 
SENSITIVITY ANALYSIS
Some limited sensitivity analysis was conducted to access the effect of main concrete parameters: namely the compressive and tensile strength. Additionally, the sensitivity to expansion value was also examined. The effect of concrete elastic modulus could not be examined since default material model used implicitly calculate it based on compressive strength and Eurocode 2 Part 1.2 equations. The following expansion values were selected for this analysis: ε 0 =0 -regular concrete, ε 0 =0.1518% -baseline ASR concrete at 240 days, ε 0 =0.1991% -ASR concrete at 900 days, ε 0 =0.2227% -ASR concrete with increased expansion (value from Fig. 11 at 900 days without subtracting expansion value for the regular concrete), and ε 0 =0.5% -ASR concrete with highly increased expansion.
The results in Fig, 14 suggest that the effect of an increase of shear capacity with an increase in concrete expansion caused by ASR is limited to a certain range of values of expansion ε 0 . Certainly, the high value of expansion ε 0 =0.5% introduces high initial strains that could lead to reduction in shear capacity, as evidenced in Fig.14. Finally, Fig. 15 shows the effect of concrete strength upon the maximum shear capacity for ASR concrete at 900 days (linear expansion ε 0 =0.1991%). Compressive strength f c was selected as the primary variable in this analysis with a tensile strength recalculated as f t ~ (f c ) ½ . The following f c values were selected for this analysis: 50, 63.7, 79 and 90 MPa. The predictions in Fig. 15 show a limited effect of concrete strength between 63.7 MPa and 90 MPa. However, all these results should be treated with extreme caution, since, as stated earlier, default concrete properties were used in the FE model. Detailed measurements of concrete properties required for the material model selected for analysis is necessary to get a better understanding of the model behavior.
CONCLUSIONS
Explicit commercial code LS-DYNA was successfully used to model shear behavior of regular and ASR walls subjected to quasi-static cyclic loading.
Based on simulation runs, the adequate 2-D FE model was created with concrete constitutive model *MAT_172/*MAT_CONCRETE_EC2 which accounts for the concrete cracking in tension and crushing in compression, and reinforcement yield, hardening and failure. Since this model does not include ASR induced expansion, an equivalent initial thermal expansion was introduced in the FE model to account for ASR. The FEA conducted shows that the FE predictions are well in line with the test results. The main features of the tests conducted were adequately captured by the FE model as follows:
• The shape of the Load versus Displacement curves for both regular and ASR concrete • The maximum values of lateral loading representing the maximum shear capacity of the wall • The established testing result that maximum shear capacity of ASR wall is higher than regular concrete wall despite lower concrete strength • A sudden failure for ASR wall compared with a softening response after reaching maximum shear capacity for the regular wall • A shear failure for ASR wall compared with failure at wall-bottom beam interface for regular wall • The crack patterns corresponding to the wall failure ASR expansion at 900 days of accelerated aging was predicted using an extrapolation technique. FE predictions show some increase in the maximum shear capacity at 240 days aging (1%) following by some decrease at 900 days aging (3.4%). However, these results should be treated with extreme caution, since the data provided (both test results and material and testing properties) are clearly not sufficient for more adequate modeling.
Limited sensitivity analysis was conducted for a 900 day aging. These results also should be treated with extreme caution and should be revised when additional tests will be available.
